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ABSTRACT 


The  shock  piezoresistance  response  of  two  metals,  ytterbium  and 
bismuth,  was  investigated--ytterbium  over  a  range  from  4  to  40  kbar  and 
bismuth  at  10  and  20  kbar.  The  sensitivity  of  both  materials  at  a  few 
kilobars  is  approximately  12  times  that  of  manganin  and  both  show  nonlinear 
monotonieal ly  varying  resistance-stress  behavior.  Unloading  response 
was  measured  at  from  10  and  20  kbar  in  ytterbium  and  found  to  be  nonlinear 
at  the  higher  range.  A  positive  residual  resistance  was  measured  which 
was  essentially  independent  of  peak  stress.  A  system  consisting  of  the 
impact  of  two  elastic  materials  was  developed  for  the  measurement  of 
hysteresis.  Additional  hysteresis  and  low-kilobar  data  are  needed  to 
describe  the  response  fully. 

Comparison  of  static  and  dynamic  piezoresistance  data  indicates 
that  the  difference  between  the  two  is  too  large  to  be  attributed  to 
temperature  and  geometrical  considerations.  Although  it  may  be  due  to 
defect  production,  this  phenomenon  was  not  investigated  specifically. 
Results  with  manganin,  foils  and  wires,  however,  did  show  a  difference 
in  certain  insulators  which  is  attributed  to  defect  production. 

Foils  approximately  0.013  mm  thick  and  films  approximately  0.6  p 
thick  were  constructed  readily  from  bulk  ytterbium.  Bismuth  films  were 
constructed  from  bulk  bismuth  by  vapor  deposition. 

Long-time-duration  recording  was  achieved  by  bonding  ytterbium  foils 
between  wafers  of  polycrystalline  aluminum  oxide.  A  duration  of  ~  30  psec 
at  a  stress  of  10  kbar  was  achieved  in  experiments  with  the  SRI  4-inch 
barrel  diameter  gas  gun.  Reduction  in  foil  elongation  and  hence  a 
reduction  in  sensitivity  to  lateral  stress  disturbances  appears  to  be 
due  to  the  encapsulation  of  the  foil  in  high-modulus,  high-shock- 
impedance  insulators.  Further  tests  of  this  concept  should  be  performed 
in  in  situ  experiments. 
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1.  INTRODUCTION 


The  behavior  of  rocks  and  soils  under  shock  compression  is  of  great 
interest  to  a  wide  variety  of  weapon  effects  programs  aid  to  many  PLOWSHARE 
programs.  Significant  in  the  measurement  of  the  behavior  of  these  material 
is  the  variation  of  the  stress-time  profile  of  a  shock-induced  compression 
wave  as  it  travels  through  the  rocks  and  soils.  Close  to  the  source  of  an 
input  pulse  the  stresses  are  well  above  material  strengths.  In  this  stress 
regime,  the  plastic  behavior  is  dominant.  At  larger  distances,  the  stress 
has  attenuated  to  an  clastic  and  plastic  wave  and  at  still  larger  distances 
to  tiie  elastic  wave  only.  It  is  this  elastic  wave  of  many  hundreds  of 
microseconds  duration  that  is  of  interest  to  the  structures  designers 
and  to  the  geologist.  The  amplitude  may  be  from  a  fraction  to  tens  of 
kilobars  and  the  duration  from  hundreds  to  thousands  of  microseconds. 

The  objective  of  the  work  discussed  in  this  report  is  the  development 
of  high-sensitivity  piezoresist ive  transducers  capable  of  being  imbedded 
in  locks  and  soils  and  of  recording  low-amplitude  stresses  for  long  record¬ 
ing  durations. 

In  the  present  investigation,  the  two  major  problems  associated  with 
the  use  of  manganin  piezoresistance  field  gages,  namely  low  sensitivity  and 
insufficient  recording  duration,  have  been  studied  by*. 

(1)  Investigating  other  metals  as  possible  sensors 

(2)  Investigating  methods  of  encapsulating  the  sensor  to  prevent 
early  gage  failure. 

The  following  sections  discuss  considerations,  techniques,  results, 
and  conclusions  of  the  investigation  of  other  piezoresistance  metals  and 
sensor  encapsulation. 


2.  BACKGROUND 


Piezoresistive  transducer  systems  for  use  in  soils  and  rocks  have 

1,2 

been  developed  which  use  manganin  grids  imbedded  in  epoxies  or,  where 
conditions  permit,  directly  in  the  soil  or  rock.  These  systems  have  been 

3_g 

used  in  numerous  field  tests  to  record  stress  profiles  ranging  from  a 

few  kilobars  to  hundreds  of  kilobars  at  di  rations  on  the  order  of  100  to 

35  gsec,  respectively.  However,  the  stress-resistance  sensitivity  of 

-2 

manganin,  0.29  ±  0.01  x  10  Q/Q  kbar,  is  marginally  adequate  for  the 

low  kilobar  and  subkilobar  regions  in  the  field  environments  encountered. 

Higher  sensitivity  nonmetallic  piezoresistive  materials  have  been  used  as 

9 

stress  sensors,  notably  liquids  and  semiconductors.  In  general  these 
materials  exhibit  as  large  a  change  in  resistance  with  shock  temperature 
as  with  shock  stress  and  therefore  stress-time  information  derived  from 
a  resistance-time  measurement  made  with  these  materials  is  dependent  on 
knowledge  of  their  temperature- time  history.  Corrections  for  temperature 
are  derived  from  calculation  of  the  pressure-volume-temperature  (P-V-T) 
equation  of  state  or  from  measurement  of  the  resistance-stress  response 
for  an  assumed  input. 

Efforts  to  find  a  more  sensitive  metallic  piezoresistive  material 
for  labroatory  gages  have  led  to  the  use  of  calcium  and  lithium,  which 
possess  dynamic  piezoresistive  coefficients  of  0.24  x  10  1  0/0  kbar10’11 
or  approximately  eight  times  that  of  manganin.  The  coefficients  have 
been  found  to  be  constant  over  the  range  tested,  approximately  10  to  50 
kbar.  In  the  range  of  a  few  kilobars  and  less,  several  other  materials 
are  likely  candidates  (based  on  static  piezoresistance  data)  for  even 
higher  sensitivity  sensors.  Primary  among  these  are  ytterbium,  strontium, 
and  bismuth.  These  materials  together  with  lithium  and  calcium  are 
considered  abnormal  due  to  their  increase  in  resistance  with  pressure. 

It  is  primarily  this  property,  together  with  the  positive  temperature 
coefficient  of  resistance  and  a  geometrical  mode-of -compression  factor, 
which  account  for  the  large  dynamic  coefficient  of  resistance  observed 
in  shock  work  with  calcium  and  lithium.  Similar  results  would  be  expected 
for  piezoresistance  properties  of  ytterbium,  strontium,  and  bismuth. 
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most  promising  substrate.  Because  of  the  surface  roughness  of  Lucalox 
it  has  been  difficult  to  achieve  continuous  films.  Successful  deposition 
on  this  type  of  substance  has  been  a  goal  of  the  work. 

The  principal  reason  for  using  a  metallic  oxide  such  as  Lucalox  for 
the  subs' '-ate  is  to  obtain  long-duration  recording  with  minimal  signal 
distor'  i.  It  is  a  current  practice  in  field  measurements  to  decrease 
the  perturbations  in  and  around  stress  gages  placed  in  rocks  and  soils 
by  using  impedance-matching  grouts.  While  impedance  matching  does  decrease 
the  magnitude  of  the  perturbations,  it  is  practically  impossible  to 
eliminate  them,  and  stress  and  mass  velocity  equilibrium  takes  place 
between  the  transducer  and  soil  by  a  series  of  three-dimensional  wave 
reflections  in  the  transducer.  These  wave  reflections  are  a  source  of 
unwanted  signals,  particularly  in  the  metallic  piezoresistance  gage,  which 
is  sensitive  to  transverse  mass  velocity  (as  distinguished  from  mass  flow 
along  the  gage  axis).  If  sufficiently  severe,  the  transverse  flow  can 
cause  failure  of  the  gage. 

By  using  materials  with  a  low  compressibility,  high  elastic  yield 
stress,  and  high  modulus  (compared  to  that  of  the  soil)  such  as  Lucalox, 
as  a  medium  directly  surrounding  the  piezoresistive  element,  it  may  be 
possible  to  decrease  the  magnitude  of  the  lateral  displacement  of  the 
sensitive  element,  since  the  mass  velocity  will  be  less  at  a  given 
pressure  than  that  of  the  soils  or  soil  matching  epoxies.  Axial  mass 
flow  equilibrium,  required  for  a  stress  measurement  can  be  maintained 
by  the  use  of  a  thin  disc  of  the  low  compressibility  material.  The  final 
goal  of  the  present  program  has  been  to  develop  configurations  of  such 
materials  in  soil  matching  gages  adequate  to  achieve  long  recording 
durations. 
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3.  EXPERIMENTAL  CONSIDERATIONS 


3.1  Piezoresistance  Material  Selection 

The  first  consideration  in  selecting  materials  for  initial  work  is 
the  expected  relative  stress-resistance  sensitivity  of  the  material.  An 
estimate  of  the  dynamic  piezoresistive  coefficient  of  a  material  can  be 
obtained  from  static  piezoresistive  and  compressibility  data.  Vie  expect 
to  observe  a  difference  between  the  pressure  coefficient  of  resistance 
obtained  under  static  (hydrodynamic)  loading  and  the  stress  coefficient 
of  resistance  obtained  under  dynamic  (shock,  uniaxial  stress)  loading. 

This  difference  would  be  related  to  several  factors,  including:  (1) 
geometrical  mode  of  compression,  (2)  temperature,  and  (3)  lattice  defect 
production  due  to  the  rate  of  loading.  The  degree  to  which  each  contributes 
to  the  observed  resistance  difference  depends  on  the  stress  range  and  the 
physical  properties  of  the  material.  Selected  properties  of  five  piezo- 
resistive  materials  and  related  parameters  of  general  interest  in  the 
study  are  listed  in  Table  3.1. 

Vie  expect  a  difference  in  resistance  of  a  piezoresistance  specimen 
at  a  given  dynamic  stress  compared  to  the  same  specimen  at  an  equal  value 
of  hydrostatic  pressure  because  we  are  measuring  resistance.  The  resistance 
is  a  function  of  the  resistivity  and  the  geometry  of  the  specimen.  Under 
hydrostatic  compression,  the  volume  decrease  results  in  a  decrease  in  all 
dimensions  of  a  specimen.  Under  uniaxial  compression  of  a  thin  film  or 
wire  of  small  cross-sectional  area  compared  to  its  length,  the  volume 
decrease  results  in  a  change  of  cross-sectional  area  only.  The  final 
volumes  will  be  essentially  equal  if  the  material  has  a  low  yield  stress, 
which  the  piezoresistance  materials  currently  being  studied  appear  to 
have.  Therefore,  the  shock  piezoresistance  coefficient  should  be  larger 
than  the  static  coefficient  by  a  factor  that  is  a  function  of  volume. 

Vie  can  obtain  an  estimate  of  the  ratio  of  dynamic-to-static  resistance 
change  if  we  neglect  temperature  effects  on  the  resistivity,  that  is, 


Although  the  volume  ratios  are  not  strictly  equal  due  to 


shock  heating  and  material  shear  strength,  the  difference  is  typically 


small  for  low-yield  materials  (on  the  order  of  1%,  for  example  bismuth, 


Table  3,1);  therefore,  (V  /Vq)jj  =  (Vp/VQ)g  where  V  is  volume,  and 
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and  subscripts  p,  o,  0,  and S  refer  to  initial  and  final  pressure  or 
stress,  and  dynamic  and  static  compression,  respectively. 

The  ratio  of  resistance  R  at  pressure  p  to  resistance  at  zero 
pressure  under  hydrostatic  compression  is 


<VVS  ■  Ws  VVs  Ws 
=  V»o>s  Ws'173 

The  equivalent  ratio  for  dynamic  compression  is 

Wd  -  Vpo>D  vv"1 


(3.1) 


(3.2) 


Therefore 


(R  /R  )n  /  (R  /R  )0  w  (V  /V  ) 
p  o  D  /  p  o  S  p  o 


-2/3 


(3.3) 


which  is  greater  than  unity,  and  we  can  expect  not  only  a  difference 
between  static  and  dynamic  piezoresist ive  coefficients  but  a  difference 
in  coefficients  which  increases  with  material  compressibility.  Because 
the  shock  temperature  of  a  material  generally  increases  with  compressibility 
and  resistance  generally  increases  with  increaseing  temperature,  we  can 
also  expect  a  more  compressible  material  to  exhibit  a  larger  difference 
between  static  and  dynamic  resistance  changes.  The  trend  indicated  by 
the  dynamic  and  static  piezoresistive  coefficients  of  lithium  and  calcium 
appears  to  be  consistent  with  this  expectation.  Although  the  lithium 
static  coefficient  is  only  half  of  that  of  calcium,  the  dynamic  coefficients 
appear  to  be  equal.  Lithium  is  more  compressible  than  calcium  and  there¬ 
fore  is  expected  to  exhibit  a  proportionately  larger  dynamic  coefficient. 

A  similar  situation  would  be  expected  between  strontium  and  ytterbium, 
the  most  pressure  sensitive  of  the  materials  being  considered.  Although 
the  pressure  coefficients  of  resistance  are  nearly  equal  in  the  low  kilobar 
range,  strontium  is  more  compressible.  From  this  standpoint  it  would  be 
expected  that  strontium  might  be  the  best  candidate  for  a  low-stress, 
high-sensitivity  sensor  with  ytterbium,  bismuth,  calcium,  and  lithium 
following  in  desending  order. 
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Defect  production  (about  which  little  is  known  in  shock  work)  could 
cause  a  difference  between  static  and  dynamic  resistivity  stress  functions. 

In  manganin,  defect  production  appears  to  be  a  logical  choice  to  explain 
differences  in  coefficients  obtained  in  various  materials.  This  will  be 
discussed  in  .Section  5.3. 

Additional  properties  of  a  possible  sensor  to  be  considered  are  the 
temperature  coefficient  of  resistance,  the  specific  heat,  density  and 
resistivity.  These  properties  become  important  when  the  long  recording 
capability  of  a  transducer  is  considered,  since  the  piezoresisti ve  gages 
are  subjected  to  joule  heating.  In  Table  3.2  the  ratio  of  temperature 
increase  of  the  materials  to  that  of  lithium  is  given,  followed  by  the 
specific  temperature  increase  for  joule  heating  pulse  of  3  amp  and  1  msec 
duration  and  a  fixed  film  area  geometry  and  resistance.  Also  shown  is 
a  fraction  F  expressing  the  ratio  of  stress  signal  determined  from  static 
data  to  temperature  signal  due  to  Joule  heating  expected  at  the  end  of  1 
msec.  The  magnitude  of  this  fraction  is  a  measure  of  the  usefulness  of 
the  sensor  for  recording  low-level  stresses  for  long  periods  of  time; 
i.e.,  the  ratio  of  stress-induced  resistance  change  to  temperature-induced 
resistance  change  should  be  high.  It  can  be  seen  from  Table  3.2  that 
ytterbium  is  superior  to  the  other  candidate  materials,  bismuth,  strontium, 
and  calcium  being  less  suitable,  in  that  order.  Lithium  appears  difficult 
to  use  for  a  sensor  with  long  recording  durations  because  of  its  low 
melting  point.  A  reduction  in  power  supplied  to  a  lithium  sensor  would  be 
required  with  a  corresponding  decrease  in  sensitivity.  Although  recording 
systems  in  which  less  energy  is  dissipated  in  the  gage  could  be  used  (for 
example,  frequency  modulated  systems)  which  would  make  lithium  usable, 
ytterbium  still  appears  to  be  the  most  advantageous. 

One  final  consideration  in  the  choice  of  sensor  materials  is  the 
relative  difficulty  of  sample  preparation.  Any  useful  piezoresistive 
element  must  also  possess  repeatable  stress  coefficients  from  sample  to 
sample.  Vapor  deposition  has  been  shown  to  be  an  adequate  method  of 
constructing  calcium  and  lithium  sensors,  although  the  chemical  activity 
of  both  has  made  storage  difficult.  The  same  would  be  expected  with  strontium. 
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Table  3.2 


RELATIVE  TEMPERATURE  INCREASES 
OF  CANDIDATE  SENSOR  MATERIALS 

Temperature  "Usefulness"  Factor,  Stress 


Temperature  Increase  Signal  Divided  by 


Material 

Increase  Ratio 

(  c) 

Temperature  Signal 

Yb 

0.072 

55 

0.98 

Bi 

0.013 

10 

0.55 

Sr 

0.065 

50 

0.31 

Ca 

0.4 

300 

0.012 

Li 

1 

770 

182°C  (melting  temp.) 

Ytterbium  on  the  other  hand,  is  a  very  stable  rare  earth,  which  is  soft 
enough  to  be  worked  into  various  shapes  and  is  available  as  distilled, 

99+%  pure  material.  Bismuth  is  also  expected  to  be  readily  made  in  film 
or  foil  forms.  In  summary,  ytterbium  appears  to  be  the  first  choice 
and  bismuth,  second  choice  for  high-sensitivity  piezoresistive  stress 
sensors.  The  work  reported  in  the  following  sections  is  primarily  concern¬ 
ed  with  the  measurement  of  the  shock  piezoresistance  response  of  ytterbium. 

14  15  16 

All  three  materials,  ytterbium,  strontium,  and  bismuth,  exhibit 
nonlinear  pressure  resistance  response  in  static  compression.  In  the 
cases  of  ytterbium  and  bismuth,  a  maximum  in  resistance  is  associated 
with  a  phase  transition,  ytterbium  at  ~  39.5  kbar,  which  is  apparently 
not  associated  with  a  polymorphic  phase  transition  and  bismuth  at  26  kbar. 
The  maximums  in  resistance  represent  the  upper  limit  to  the  useful  range 
of  each  expected  in  shock  studies. 

Although  static  data  show  that  the  tree  materials  exhibit  nonlinear 
pressure-resistance  behavior,  it  is  possible  that  the  response  may  be 
linear  under  shock  loadingas  as  is  the  case  with  calcium. 

Finally,  the  criterion  of  monotonic  stress-resistance  response  over 
the  low  stress  region,  which  is  necessary  for  data  interpretation,  is 
met  by  all  three  materials. 
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3.2 


Recording  Duration 


The  ultimate  duration  of  recording  of  a  piezoresistive  shock  stress 
transducer  is  determined  by  the  period  during  which  electrical  continuity 
is  maintained  between  the  stress  sensitive  element  and  its  electrical 
leads.  Discontinuity  arises  from  relative  displacement  between  transducer 
components.  The  displacement  may  be  either  transverse  to  the  shock  propa¬ 
gation  direction  or  parallel  depending  on  the  loading  geometry.  Laboratory 
experiments  are  carefully  designed  to  maintain  one-dimensional  flow.  In 
large-scale  field  measurements,  one-dimensional  flow  cannot  be  maintained. 
Failure  due  to  parallel  displacement  can  be  minimized  expecially  at  low 
stress  by  using  materials  of  similar  shock  impedances  as  transducer 
components,  for  example  in  granite  using  aluminum  leads. 

Transverse  displacement  presents  a  more  serious  problem  since- 
elongation  of  the  piezoresistive  element  will  result  in  a  large  change  in 
resistance  unrelatable  to  the  stress  normal  to  the  shock  front.  Transverse 
displacement  will  result  from  the  spherical  divergence  of  the  stress  wave 
common  to  field  measurements  and  from  mismatches  in  shock  properties 
between  the  transducer  and  the  medium  in  which  it  is  placed.  The  latter 
source  can  be  minimized  by  constructing  the  transducer  from  pieces  of 
the  test  medium  if  possible.  However  the  boundary  introduced  by  the 
placement  of  the  gage  is  more  difficult  to  eliminate.  Matching  grouts 
have  so  far  provided  the  best  means  of  minimizing  the  source  of  lateral 
disturbances.  The  difficulty  of  assuring  adequate  grouting  dictates 
that  another  approach  be  investigated,  namely  that  of  desensitizing  the 
piezoresistive  gage  to  lateral  flow. 

Laboratory  studies  have  been  conducted  on  spherically  divergent  waves 
17 

in  rock  and  tuff  in  which  a  stretch-compensating  conductor  relatively 
insensitive  to  stress  is  placed  in  the  same  plane  as  the  piezoresistive 
sensor.  By  using  a  compensator  of  approximately  equal  resistivity  to 
the  stress  sensor,  the  compensator  signal  arising  from  stretching  can  be 
subtracted  from  that  of  the  stress  sensor  and  a  signal  proportional  to 
radial  stress  obtained.  For  this  system  to  yield  creditable  data  much 
should  be  known  about  the  medium  in  which  it  is  used  and  the  stretching 
effect  must  be  small  compared  to  the  piezoresistive  effect  in  the  sensor. 
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At  low  stresses,  that  is  below  the  plastic  range,  and  in  relatively 
incompressible  materials  like  plastic,  these  conditions  are  probably 
met,  although  changes  in  the  resistivity  caused  by  plastic  deformation 
may  contribute  to  the  observed  signal.  An  example  of  this  type  of  change 
is  discussed  in  Section  5.3. 

Above  the  elastic  limit  of  the  test  medium  the  change  in  resistance 
of  the  sensor  due  to  stretching  may  become  an  appreciable  percentage  of 
the  total  signal. 

We  can  estimate  the  percentage  for  a  typical  field  test  system  as 
follows:  The  resistance  due  to  stretching  of  a  wire  in  spherically 
divergent  flow  is  derived  in  Appendix  A  and  is  given  by 

2u 

log  R  =  — ^  t  +  log  r  (3.4) 

s  r  q 


and  t  are  the  particle  velocity,  radius  from  the  source,  and  time, 

respectively,  and  R  is  the  value  of  resistance  at  stress  cr.  At  a 

<7 

radius  of  1  m  in  alluvium,  a  typical  test  medium,  the  particle  velocity 

at  100  kbar  is  0.2  cm/psec  and  the  ratio  of  stretch  induced  to  stress 

induced  signal  after  10  p,sec  is  1.10.  In  a  manganin  piezoresistance  gage, 

the  ratio  of  stress  induced  resistance  to  initial  resistance  is  1.29  at 

100  kbar.  Therefore  the  ratio  of  total  resistance  observed  to  initial 

resistance  at  the  end  of  10  p,sec  is  1.42  or  approximately  30%  of  the 

observed  signal  is  due  to  stretching. 

Several  methods  of  decreasing  sensitivity  to  stretching  follow 

from  the  discussion  presented  above: 

(1)  Increasing  the  stress-resistance  sensitivity  of  the  piezo- 
resistive  conductor,  since  the  change  in  resistance  due  to 
elongation  is  not  a  function  of  this  sensitivity  (except  for 
possible  deformational  effects). 
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(2)  Decreasing  the  lateral  displacement  at  any  given  stress 
by  encapsulating  the  sensor  in  a  thin  wafer  of  material 
that  resists  the  lateral  flow  in  the  test  medium.  Such 

a  material  must  have  high  shear  and  tensile  strengths  and 
high  moduli.  Encapsulating  the  sensor  in  such  a  material 
must  by  necessity  distort  the  wave  in  the  test  medium 
since  it  cannot  be  in  complete  equilibrium  if  the  lateral 
flow  is  restricted  in  the  thin  wafer.  However,  the 
difference  may  be  negligible. 

(3)  Combining  methods  1  and  2  with  a  stretch  compensator. 

Knowledge  of  the  resistance  as  a  function  of  stress, 
temperature,  and  deformation  are  required  of  the  material 
used  as  a  compensator. 

Investigations  of  means  of  accomplishing  methods  1  and  2  are  reported 
in  the  following  sections.  Ways  to  combine  techniques  (method  3)  have  not 
been  investigated. 
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4.  EXPERIMENTAL  TECHNIQUES 


4.1  Sample  Preparation.  Metallic  specimens  suitable  for  shock  loading 
were  prepared  by  vapor  deposition  and  by  rolling  thin  foils  from  bulk 
samples.  Ytterbium,  bismuth,  and  strontium  samples  were  obtained  from 

*  i 

Research  Chemicals.  Manufacturer  s  nomenclature  and  ordering  information 
are  given  in  Table  4.1  for  the  materials  used  in  the  present  study. 


Table  4.1 

MANUFACTURER'S  NOMENCLATURE  FOR  SAMPLES 


Material 

Lot 

Form 

Purity  (%) 

Cost/gm 

Ytterbium 

K5584G 

Ingot 

(distilled 

grade) 

99.9 

$0.90 

Bismuth 

K707B 

Rod 

99.9999 

$0.12 

Strontium 

K4937 

Rod 

99+ 

$0.12 

Two  configurations  of  substrate-vapor  deposited  film  samples  were 
used  during  the  course  of  the  investigation,  as  shown  in  Figures  4.1  and 
4.2,  respectively.  The  first  consists  of  a  vapor-deposited  film  approxi¬ 
mately  10,000  A  thick  in  the  form  of  a  four-terminal  network  on  a  soda- 
lime  glass  substrate.  The  sample  is  constructed  by  first  bonding 
aluminum  electrical  leads  into  the  glass  substrate  with  C-7  epoxy. T  The 
epoxy  acts  as  a  filler  between  the  glass  and  aluminum  and  provides  a 
continuous  substrate  surface.  The  substrate  is  lapped  and  polished  and  then 
cleaned  by  solvent  rinse,  ultrasonic  cleaning  with  detergent  solution, 
triple  dionized  water  rinse,  and  hot  vapor  degreasing  in  trichloroethylene. 

*  Research  Chemical,  Phoenix,  Arizona. 

**  Soda-lime  glass,  p  =  2.59  gm/cc. 

f  Trademark,  Armstrong  Products,  Inc.,  Warsaw,  Indiana. 


PROJECTILE 
IMPACT  AREA 


3-1/4  in.  x  3-1/4  in.  x  1/4  in, 

GA  7511-5A 

FIGURE  4.2  PIEZORESISTANCE  FILM-GLASS  TARGET  ASSEMBLY  FOR  THE  MEASUREMENT 
OF  RESISTANCE  AND  GLASS  HUGONIOT,  CONFIGURATION  2 


17 


X 


* 


Clean  substrates  are  required  to  ensure  adequate  bonding  of  the  vapor- 
deposited  films. 

After  cleaning,  copper  tabs  are  vapor  deposited  as  shown  in  Figure  4.1. 

The  tabs  were  found  to  be  necessary  for  the  bridging  from  the  glass  to  the 

aluminum  leads  across  the  epoxy  filler.  When  bridging  was  attempted  with 

the  deposited  piezoresistive  film,  it  was  found  that  erosion  of  epoxy 

occurred  which  prevented  bridging.  All  depositions  were  performed  in  an 

*  -6 

Ultek  TN11  vacuum  system  at  approximately  5  x  10  torr.  Molybdenum  boats 

were  heated  by  joule  heating  and  the  samples  by  conduction  heating  from 

the  boats.  After  removal  from  the  vacuum  system,  a  soda-lime  cover  glass 

is  sealed  to  the  substrate  with  C-7  epoxy. 

Both  the  electrical  resistance  and  film  thickness  are  monitored  during 

deposition,  the  resistance  by  a  double  Kelvin  bridge  and  the  thickness  by 

18 

a  laboratory-constructed  crystal  thickness  monitor.  In  addition,  films 
are  deposited  simultaneously  on  test  substrates  for  subsequent  X-ray 
diffraction  analysis  and  independent  thickness  measurements.  The  second 
configuration,  shown  in  Figure  4.2,  differs  from  that  described  above  in 
the  method  of  lead  attachment  and  in  deposition  environment.  In  place  of 
aluminum  rods,  aluminum  films,  are  vapor  deposited  on  the  substrate. 
Connections  to  these  films  are  made  by  bonding  copper  tabs  to  them  under 
pressure  with  C-7  epoxy.  The  bond  is  sufficiently  thin  and  the  area  large 
so  that  the  epoxy  resistance  is  negligible.  This  configuration  allows 
several  gages  to  be  easily  placed  in  series  as  shown  in  the  figure  and 
permits  the  stress  wave  to  be  measured  at  two  stations.  The  importance 
of  this  type  of  measurement  will  be  discussed  later. 

The  substrate  is  shock  loaded  over  an  area  less  than  the  total  area 
of  the  substrate,  as  shown  by  the  dashed  circle  in  Figure  4.2.  This  type 
of  loading  is  necessary  when  the  leads  lie  in  one  plane  (Figure  4.2).  Were 
the  entire  area  loaded,  the  leads  would  experience  a  large  shear  stress  at 
some  point  along  their  length  and  failure  would  occur  soon  after  the  sensitive 
area  was  accelerated.  In  the  configuration  shown,  the  leads  experience  a 
particle  velocity  gradient  alontr  their  length  and  continuity  can  be  main¬ 
tained  for  periods  comparable  to  the  durations  achieved  with  the  system  shown 
in  Figure  4.1,  without  the  complexity  of  construction  of  that  type  of  gage. 

*  Ultek  Division,  Perkin-Elmer  Corporation,  Palo  Alto,  California. 

**  Cat.  No.  1415,  W.  G.  Pye  Co.  Ltd.,  Cambridge,  England. 
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FIGURE  4.3  FOUR-TERMINAL  FILM  DEPOSITION  PATTERN 
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GP-761 1-10 


FIGURE  4.4  YTTERBIUM  FOUR-TERMINAL 
FOIL,  0.013  mm  THICK 
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FIGURE  4.5  FOIL-INSULATOR  TEST  ASSEMBLY 
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The  films  of  this  second  type  of  assembly  were  deposited  in  a  vacuum 
system  less  pure  than  the  first.  A  standard  oil-diffusion  pump  and  fore 
pump  were  used  instead  of  the  cryogenic  and  ion  pumping  of  the  Ultek 
system.  The  reason  for  the  different  technique  was  twofold:  (1)  more 
assemblies  could  be  prepared  in  the  diffusion  pump  system  with  less  time 
between  pumping;  and  (2)  by  changing  to  a  less  pure  environment,  the 
effect  of  possible  contaminents  on  film  resistivity  and  coefficient  could 
be  examined. 

The  films  were  deposited  through  a  copper  mask  to  yield  the  four- 
terminal  (TT)  pattern  shown  in  Figure  4.3.  A  small  spacer  was  inserted 
between  the  mask  and  the  substrate  to  electrically  isolate  the  mask  from 
the  deposited  film. 

Foils  were  prepared  by  successive  rolling  of  a  chip  of  the  bulk  sample. 

0 

Thicknesses  of  approximately  50,000  A  and  larger  were  obtained  in  this 

0 

manner.  The  thicker  films  (  >  125,000  A)  were  free  of  pin  holes,  where  as 
the  thinner  films  exhibited  a  considerable  number  of  holes. 

Ytterbium  was  prepared  in  both  film  and  foil  form,  bismuth  and 
strontium  in  film  form  only.  The  foils  were  constructed  into  test  assemblies 
by  first  cutting  a  TT-shaped  pattern  with  sufficient  length  to  the  leads  to 
permit  electrical  contact  to  be  made  to  them  by  a  conducting  filler.  A 
typical  foil  element  is  shown  in  Figure  4.4  and  the  test  assembly  in 
Figure  4.5.  Assemblies  of  this  type  were  constructed  from  various  materials 
which  were  chosen  because  of  particular  shock  properties.  Because  the  shock 
impedance  varied  from  material  to  material  the  electrical  leads  were  also 
varied  to  nearly  matching  properties.  In  the  case  of  glass  specimens, 
aluminum  was  used  as  lead  material;  for  Lucalox,  copper  leads;  for  novaculite, 
aluminum;  and  for  C-7  epoxy,  magnesium  rods. 

The  conducting  filler  used  is  dental  silver  which  is  mixed  with  mercury 
to  form  an  amalgam.  The  amalgam  is  packed  into  the  cavity  surrounding  the 
electrical  lead  and  the  leg  of  the  TT-shaped  piezoresistive  foil. 


Homogeneous  cryptocrystalline  quartz  rock. 
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1.2  Stress-Resistance  Measurement.  Stress  waves  were  generated  by  the 

impact  of  projectiles  upon  the  substrate  assemblies.  The  projectiles 

were  accelerated  to  a  high,  measured  velocity  by  means  of  gas  guns.  Both 

i  19 

the  1-inch  barrel  diameter  and  2J-inch  barrel  diameter  guns  were  used 

in  the  course  of  the  measurements.  A  typical  arrangement  of  projectile 

and  target  assembly  is  shown  in  Figure  4.6.  The  shock  strength  in  the 

target  is  determined  by  the  velocity  of  the  projectile  and  the  shock 

impedances  of  the  projectile  and  the  target.  The  calculation  of  the 

shock  stress  can  be  made  for  materials  with  known  Hugoniots  by  either 

an  analytical  solution  or  a  graphical  solution  for  the  stress-particle 

velocity  state  common  to  both  materials.  A  graphical  solution  was  used 

in  the  present  work.  The  method  is  illustrated  in  the  curves  of  Figure  4.7. 

The  target  Hugoniot  is  drawn  centered  about  the  origin.  Interface  stress 

is  obtained  from  the  intersection  of  this  Hugoniot  and  that  of  the  projectile 

material  centered  at  the  projectile  velocity. 

Aluminum  and  glass-faced  aluminum  projectiles  were  used.  The  Hugoniot 
20 

data  reported  by  Fowles  was  used  for  the  aluminum  (2024),  and  the  glass 
data  were  obtained  from  two  sources:  (1)  from  Keough  and  Williams11  and 
(2)  from  a  measure  of  the  shock  velocity  in  the  case  of  glass-on-glass 
impacts.  In  this  symmetrical  impact  the  interface  stress  is  given  simply 


by 


CT  = 


vp  U 

os 


(4.1) 


where  v  is  the  projectile  velocity,  PQ  is  the  initial  density,  and  Ug 
the  measured  shock  velocity.  The  distances  between  piezoresistive  films 
(Figure  4.2)  was  on  the  order  of  6  mm  which  allows  sufficient  transit  time 
through  the  glass  (1  (isec)  for  a  measure  of  shock  velocity  accurate  to 
~  2%.  Typical  records  from  this  system  are  shown  in  Figure  4.8  where  R  /Rq 
refers  to  the  ratio  of  resistance  at  stress  cr  to  resistance  at  zero  stress. 

Analysis  of  the  stress-time  data  from  the  several  shots  indicated 
that  in  this  stress  region,  the  wave  in  glass  is  steady  state,  since  the 
rise  time  and  peak  stress  are  not  a  function  of  travel  distance  in  the 
glass.  At  the  higher  levels  (20  kbar)  the  rise  time  appeared  to  be  invariant, 
but  the  second  transducer  yielded  a  lower  value  of  resistance  change  than  the 
first  transducer.  This  was  interpreted  as  a  variation  in  the  piezoresistive 
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RADIAL  TRIGGER  PIN 


FIGURE  4.6  PROJECTILE-TARGET  SYSTEM  FOR  GENERATING  SHOCK  STRESS  WAVE 
OF  KNOWN  CHARACTERISTICS  IN  PIEZORESISTIVE  FOIL  OR  FILM 


FIGURE  4.7  STRESS-PARTICLE  VELOCITY  LOCCI 
OF  PROJECTILE-TARGET  STATES 
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TIME 

(a)  FIRST  FILM,  PEAK  R_/R^  -  1.66 

(7  O 


<b)  SECOND  FILM,  PEAK  R_/R„  -  1.66 

GP-7511-6A 

FIGURE  4.8  STRESS-TIME  RECORDS  FROM  SUCCESSIVE 
YTTERBIUM  FILMS  ON  GLASS  SUBSTRATES. 
STRESS  =  ~  10  kbar. 
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coefficient  being  measured  and  not  as  nonsteady  shock  behavior  in  the 
glass.  Although  some  glasses  are  known  to  exhibit  nonsteady  behavior,  the 
invariance  of  the  rise  time  is  not  consistent  with  such  behavior.  We  have 
therefore  interpreted  the  difference  as  due  to  the  piezoresistive  coefficient. 

The  stress  states  in  the  glass  have  been  calculated  assuming  steady- 
state  shock  behavior  as  indicated  by  the  invariance  of  the  shock  rise  with 
distance.  Hugoniot  data  have  been  calculated  for  the  glass  at  each  stress 
state  reached.  Table  4.2  gives  values  of  density  p^,  shock  velocity  Us> 

particle  velocity  u  ,  stress  (j,  and  relative  volume  V/V  .  The  Hugoniot 

P  °  11 
data  agree  very  well  with  previous  measurements  on  similar  glass. 

The  method  of  generating  a  series  of  calculable  release  stress  states 

is  shown  in  the  projectile-target  configuration  of  Figure  4.9  and  the 

stress-particle  velocity  curves  of  Figure  4.10.  A  plate  of  the  higher  shock 

impedance  material  (Lucalox)  thinner  than  the  target  material  (novaculite) 

is  accelerated  to  a  measured  velocity,  and  upon  impacting  the  target  both 

materials  undergo  shock  compression  via  waves  originating  at  the  interface. 

The  target  is  made  considerably  thicker  than  the  impacting  plate  to  assure 

unloading  from  the  free  surface  of  the  latter,  as  shown  in  Figure  4.9. 

Because  the  shock  impedances  are  mismatched,  the  impacting  plate  unloads  by 

a  series  of  stress  steps.  Correlation  of  these  stress  states  with  the 

corresponding  resistance  changes  can  then  be  made.  A  method  for  the 

calculation  of  the  stress  states  is  given  in  Appendix  B. 
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Data  for  Lucalox  were  obtained  from  work  by  Ahrens,  Gust,  and  Royce. 

An  average  value  of  10.9  mm/pisec  was  used  for  the  shock  velocity  in  the 

region  below  the  Hugoniot  elastic  limit  (HEL).  Compression  and  release 

data  for  novaculite  were  obtained  from  work  by  Peterson,  Murri,  and 
22 

Cowperthwaite.  Their  data  show  that  unloading  states  are  essentially 
the  same  as  the  loading  states  (within  1%,  P-V  data)  in  the  stress  region 
(50  kbar  is  well  below  the  HEL  of  novaculite.) 


below  50  kbar. 


VOID 


FIGURE  4.9  PROJECTILE-TARGET  SYSTEM  FOR  GENERATING  A  SERIES 
OF  CALCULABLE  RELEASE  STRESS  STATES 


PARTICLE  VELOCITY 


GA-7511-12 


FIGURE  4.10  RELEASE  STRESS  STATES,  IMPACT  OF 
HIGH  SHOCK  IMPEDANCE  MATERIAL 
(LUCALOX)  ON  LOWER  IMPEDANCE 
TARGET  (NOVACULITE) 
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Table  4.2 


GLASS  HUGONIOT  DATA 


p 

U 

u 

0 

V/V 

o 

s 

P 

o 

gm/cm3 

mm/psec 

mm/p,sec 

kbar 

2.49 

5.92 

0.034 

5.0 

0.995 

2.49 

5. 92 

0.064 

9.4 

0.989 

2.49 

5.75 

0.134 

19.2 

0.977 

Because  of  the  difficulty  of  obtaining  surfaces  suitable  for  the 
deposition  of  films  on  novaculite,  foils  were  used  in  the  hysteresis 
measurements.  The  equivalence  of  the  foil  and  film  response  was 
measured  by  comparing  the  compression  piezoresistance  results  of  each. 

The  measurement  of  resistance  of  the  foils  or  films  as  a  function 
of  stress  and  time  was  accomplished  by  the  use  of  the  electrical  system 
shown  in  Figure  4.11.  The  constant-current  power  supply  is  turned  on  a 
few  microseconds  prior  to  shock  arrival  at  the  film.  By  using  a  constant- 
current  system  and  a  single  length  of  straight  conducting  film,  the  effects 
of  contact  resistance,  film  inductance,  and  capacitance  changes  under  shock 
loading  are  minimized.  Upon  arrival  of  the  shock  at  the  film,  the  entire 
film  changes  resistance.  Since  the  current  is  constant,  the  turn  on  of  the 
power  supply  results  in  a  voltage  signal  across  the  voltage  leads 
77-shaped  film.  This  signal  appears  on  the  first  oscilloscope  as  a  voltage 
step  proportional  to  the  initial  unshocked  resistance  of  the  film.  On 
oscilloscopes  2  and  3,  it  is  substracted  out  by  means  of  offset  preamplifiers 
(Tektronix  Type  1A5) .  This  allows  the  subsequent  change  in  voltage  that 
occurs  upon  arrival  of  the  shock  wave  at  the  film  to  be  recorded  at  a 
higher  sensitivity.  The  shock  signal  appears  on  the  first  oscilloscope  as 
an  additional  step.  The  percentage  increase  in  resistance  is  related  to 
the  ratio  of  the  two  steps.  One  major  advantage  of  this  system  is  that  a 
voltage  calibration  is  not  needed  to  obtain  an  accurate  measure  of  the 
resistance  change.  In  general  AR/R  is  equal  to  AV/V.  Cases  where  the 
correspondence  is  not  1  to  1  are  discussed  in  Appendix  C. 
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PI  EZORESISTI VE 
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FIGURE  4.11  ELECTRICAL  RECORDING  SYSTEM 


The  power  supply  circuit  is  shown  in  Figure  4.12.  It  has  been 

described  previously.  However,  a  description  is  included  here.  The 

power  supply  is  isolated  from  electrical  ground  by  the  capacitor- 

charging  resistors  and  the  trigger  transformer  .  Isolation  permits 

one  of  the  gage  signal  leads  to  be  grounded,  which  in  turn  permits 

single-ended  recording  of  the  stress  pulse.  The  supply  is  a  constant 

voltage  source  that  produces  constant  current  through  the  use  of  a 

ballast  resistance.  This  resistance  is  composed  of  R  ,  the  crowbar  source 

o 

resistor,  and  R  and  R  of  Figure  4.12.  These  resistances  are  distributed 

»  O 

to  provide  a  crowbar  trigger  voltage  and  power  supply  cable  terminations, 
res pec  t ively . 

The  operation  of  the  power  supply  can  be  best  understood  by  following 
a  sequence  of  event.  When  ac  power  is  applied,  the  charging  capacitor 
is  charged  to  a  voltage  limited  by  the  Zener  diode  string  (480  ±  2.4  v) . 

A  main  trigger  voltage  derived  from  delays  or  from  the  event  to  be  observed 
is  applied  to  the  main  trigger  generator,  a  GE-106-B6  silicon  controlled 
rectifier  (SCR).  The  output  from  this  circuit  is  transformer-coupled  to 
the  gate  of  the  main  capacitor  discharge  SCR  (MCR  729-8),  The  purpose  of 
the  trigger  circuit  is  to  provide  a  rapidly  rising  trigger  pulse  of  constant 
characteristics  regardless  of  the  input  pulse  to  the  trigger.  The  fast 
turn-on  of  the  main  SCR  is  necessary  in  situations  where  there  is  a  short 
time  interval  between  power  supply  turn-on  and  arrival  at  the  piezoresistive 
film. 

The  discharge  capacitor  is  shunted  with  a  low-value,  high-quality 
capacitor  that  permits  a  rapid  current  rise  in  the  system.  A  typical 
rise  time  (0  to  100  percent)  of  the  current  turn-on  is  less  than  2  p,sec. 

The  delay  time  from  external  trigger  input  to  current  peak  is  to  some  extent 
a  function  of  the  rise  time  of  the  external  trigger.  This  delay,  when  the 
power  supply  is  triggered  by  the  gate  of  a  Tektronix  543B  oscilloscope,  is 
on  the  order  of  2  p,sec. 

Excessive  wire  heating  caused  by  the  dissipation  of  power  in  the  film 
is  controlled  by  limiting  the  duration  oi  the  current  pulse.  The  pulse 
length  can  be  adjusted  by  using  the  20-k  potentiometer  labeled  "Crowbar 
Adjust"  in  Figure  4.12.  The  crowbar  is  triggered  from  the  current  turn-on 
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MAIN  TRIG.  TO  ALL  CIRCUITS 


FIGURE  4.12  TRIGGERED  CONSTANT-CURRENT  POWER  SUPPLY  WITH  DIVERTING  (CROWBAR)  CIRCUIT 


voltage  across  R  delayed  by  an  RC  circuit,  the  potentiometer,  and  the 

O 

0.017-p,f  capacitor.  The  delayed  voltage  triggers  the  four-layer  diode 
( 1E30) ,  which  in  turn  fires  the  gate  of  the  shunting  SCR  (2N690) .  Current 
is  then  diverted  from  the  gage  circuit  to  the  SCR.  With  approximately  100-Q 
load  resistance  on  the  power  supply  (cable  terminations  plus  gage)  and  the 
circuit  values  shown  in  Figure  d.12,  the  crowbar  time  is  adjustable 
between  20  and  300  g,sec. 

Since  the  voltage  on  the  discharge  capacitor  is  held  constant  within 
0.5  percent  by  the  use  of  Zener  diodes,  the  voltage  across  the  gage  is 
maintained  relatively  constant  from  discharge  to  discharge.  This  constahcy 
facilitates  oscilloscope  input  level  adjustment  prior  to  an  actual  shot. 


5 .  RESULTS 


5 . 1  Piezoresistance  Materials 

During  the  early  part  of  the  program,  ytterbium  was  found  to  be  the 
most  promising  of  the  three  materials  investigated,  ytterbium,  bismuth, 
and  strontium.  Therefore  the  major  emphasis  was  placed  on  sample 
preparation  techniques  and  piezoresistive  measurements  on  this  material 
and  the  results  reported  reflect  this  emphasis. 

5.1.1  Ytterbium 

Ytterbium  was  condensed  easily  from  the  vapor  phase  onto  glass 
substrates.  It  was  necessary  to  divide  the  bulk  ytterbium  into  many 
small  pieces  to  get  adequate  deposition  rates.  Since  ytterbium  sublimes, 
the  increase  in  area  obtainable  with  the  small  pieces  results  in  an 
effectively  larger  source.  No  other  difficulties  were  encountered  with 
ytterbium.  The  films  were  found  to  be  electrically  and  chemically  stable 
whether  deposited  in  the  cryogenic  (Ultek)  system  or  in  the  diffusion 
pump  system. 

Analysis  by  X-ray  diffraction  has  shown  the  vapor-deposited  yyterbium 

e 

films  to  have  a  lattice  constant  of  5.48  A  which  corresponds  to  FCC, 

OL  -phase  ytterbium.  This  is  the  phase  expected  below  the  transition 
temperature  of  792  ±  5°C  at  1  bar.  From  the  film  thickness  measurements 
made  during  deposition  and  those  made  after  deposition,  the  film  thickness 

was  found  to  be  nominally  0.6  ±  0.1  fj  and  the  resistivity,  37  ±  6  JLt  ficm. 

23 

Values  of  resistivity  reported  in  the  literature  are  lower  than  this, 
being  25  to  29  jU  ft  cm;  however  the  limit  of  error  in  the  present  meas¬ 
urement  is  large  due  to  the  uncertainty  in  the  thickness. 

The  resistance  of  the  deposited  ytterbium  was  measured  as  a  function 
of  temperature  while  imbedded  between  glass  plates  (Figure  4.2).  The 
results  are  shown  in  the  curve  of  Figure  5.1.  The  glass-ytterbium  sample 
was  placed  in  an  oven  and  resistance  measured  after  sufficient  elapsed 
time  for  thermal  equilibrium  to  take  place.  A  temperature  coefficient  of 
0.6  ±0.1  x  10“  3  f)  /Q  °C  was  measured.  This  value  is  approximately  50% 
of  that  quoted  in  the  literature  (Table  3.1).  Possible  errors  of 
measurement  do  not  account  for  the  difference.  The  combined  results  of 
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a  lower  temperature  coefficent  and  higher  resistivity  suggest  that 
ytterbium  films  may  have  contained  some  impurities. 

Three  types  of  shock  measurements  were  made  on  the  resistance  of 
ytterbium  as  a  function  of  (1)  peak  stress,  (2)  peak  stress  and  tempera¬ 
ture,  and  (3)  unloading  stress  (stress-resistance  hysteresis).  All  data 
points  are  shown  in  the  stress-resistance  curve  of  Figure  5.2  and  in 
Table  5.1.  The  points  labeled  configuration  1  refer  to  the  substrate 
system  shown  in  Figure  4.1. 

In  configuration  1,  a  correction  to  the  measured  values  of  voltage 
changed  divided  by  initial  voltage  was  required  to  obtain  A  R/R,  because 
of  the  large  change  in  voltage  caused  by  lead  resistance  which  is  a 
function  of  stress.  The  data  in  Table  5.1  include  this  correction  (see 
Appendix  C) .  In  configuration  2,  the  voltage  lead  width  was  increased 
sufficiently  and  the  resistance  decreased  so  that  a  correction  to  these 
data  was  not  necessary. 

In  Figure  5.2  is  shown  one  data  point  labeled  100°C.  This  point  was 
obtained  by  preheating  the  ytterbium  with  pulsed  current  (joule  heating) 
prior  to  shock  loading.  The  temperature  was  calculated  on  the  basis  of 
assuming  no  heat  loss  in  the  heating  interval  (~  60  jjsec)  and  a  sub¬ 
stantially  constant  film  resistance.  An  additional  unheated  ytterbium 
film  was  tested  in  the  same  experiment  as  the  heated  sample  and  was 
shocked  to  the  same  stress  (11.2  kbar).  The  data  point  from  the  unheated  film 
agrees  with  the  heated  film  within  1%  indicating  essentially  no  temperature 
effect  on  the  coefficient  at  this  stress. 

Hysteresis  measurements  on  ytterbium  foils  were  conducted  at  ~  10 
and  22  kbar.  At  both  levels,  the  change  in  resistance  agreed  well  with 
that  measured  for  films  at  the  same  comparable  stress.  In  fact  at  the 
higher  level,  where  stress  levels  were  the  same,  (21.7  kbar)  the 
agreement  was  within  less  than  1%.  Relative  resistances  as  a  function 
of  unloading  stress  are  shown  as  the  dashed  lines  of  Figure  5.2.  In 
general  both  curves  are  displaced  from  the  loading  curve  in  a  direction 
that  gives  a  positive  hysteresis.  The  points  at  the  lower  levels  below 
~5  kbar  lie  on  essentially  the  same  curve  (within  the  experimental  error). 
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FIGURE  5.2  SHOCK  STRESS  VERSUS  RELATIVE  RESISTANCE  OF  YTTERBIUM, 
BISMUTH,  LITHIUM,  CALCIUM,  AND  MANGANIN 


Table  5.1 


YTTERBIUM  LOADING  AND  UNLOADING  PIEZORESISTANCE  DATA 


Stress 

Relative 

Resistance 

(kbar  ±  3%) 

_i5  p^a. 

±  2%) 

Loading 

Peak  Unloading 

Raw  Data 

Corrected 

Insulator 

Configuration 

4.0 

1.22 

1.22 

Glass 

1,  Film 

4.2 

1.22 

1.22 

2,  Film 

5.0 

1.21 

1.21 

9.6 

1.60 

1.65 

1.64 

1.66 

10.8 

1.90 

1.90 

Novaculite 

Foil 

5.0 

1.42 

1.42 

2.2 

1.26 

1.26 

0.9 

1.19 

1.19 

0.4 

1.14 

1.14 

0 

1.11 

1.11 

11.2 

2.02 

2.02 

Glass 

1,  Film 

11.2 

1.79 

1.82 

2,  Film 

1.80 

1.83 

11.6 

1.98 

1.98 

1,  Film 

19.7 

3.12 

3.35 

2,  Film 

2.43 

3.01 

20.8 

3.33 

3.65 

1,  Film 

21.7 

3.44 

3.76 

21.7 

3.75 

3.75 

Novaculite 

Foil 

9.9 

1.97 

1.97 

4.6 

1.46 

1.46 

2.1 

1.27 

1.27 

0.95 

1.23 

1.23 

0 

1.13 

1.13 

32.2 

4.35 

4.90 

Glass 

1,  Film 

39. 5a 

4.45 

5.05 

a.  Assuming  transition  at  39.5  kbar,  Reference  14. 
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I'lic  re siil uni  relative  resistance  at  zero  stress  agrees  to  within  less 
than  l'o  indicating  that  the  residual  resistance  is  not  a  function  of 
peak  stress  as  is  the  case  in  manganin.^  The  unloading  response  appears 
to  be  nonlinear  as  is  the  loading  curve,  although  the  response  from  the 
lower  data  peak  stress  can  be  fitted  acceptability  well  by  a  linear 
res  is  t anec-s tress  response . 

An  interesting,  unexplained  feature  of  the  stress-resistance  wave¬ 
form  was  noticed  in  the  hysteresis  experiments.  A  typical  record  is 
shown  in  figure  5.3.  The  peak  stress  is  10  kbar.  The  unloading  stress- 
resistance  response  shows  a  small  increase  in  resistance  just  prior  to 
the  second  relief  step  arrival.  The  stress  at  this  level  is  5  kbar  and 

is  well  below  the  stress  region  (15-5  kbar)  of  a  phase  change  from  FCC 
24 

to  IICP.  l'he  character  of  the  signal  is  very  similar  to  that  reported 
'>5 

by  Wong  for  a  change  in  magnetic  susceptability  of  iron  samples  under 
shock  loading.  A  similar  increase  in  resistance  was  noted  at  a  higher 
unloading  stress,  ~  10  kbar  in  the  higher  pressure  experiment.  Since 
both  increases  occur  at  the  same  relative  points,  i.e.,  at  the  end  of 
the  first  unloading  step,  it  is  possible  that  it  is  associated  with  the 
properties  of  the  impacting  plate  (Lucalox). 

An  additional  feature  of  the  hysteresis  experiments  is  worth  noting. 
It  is  illustrated  in  Figure  5.4  which  is  a  longer  time  coverage  of  the 
record  obtained  on  the  21-kbar  hysteresis  experiment.  As  seen  in  the 
resistance-time  trace,  the  first  compression  cycle  is  followed  by  an 
additional  cycle,  that  occurs  as  the  aluminum  projectile  impacts  the 
Lucalox  flyer.  A  shock  is  transmitted  thru  the  flyer  to  the  novaculite- 
yt terbium  gage.  Although  the  time  resolution  is  insufficient  to  measure 
quantitatively  the  response  of  ytterbium  and  the  stress  states  are  not 
defined,  it  can  be  seen  that  the  hysteresis  at  zero  stress  is  essentially 
zero,  indicating  a  change  in  behavior  after  one  stress  cycling.  Addi¬ 
tional  experiments  of  this  type  were  not  performed,  although  it  is 
conceivable  that  a  system  could  be  constructed  that  would  yield  quanti¬ 
tative  data  on  successive  cycles.  Such  work  might  lead  to  development 
of  a  piezoresistive  gage  with  no  hysteresis. 
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FIGURE  5.3  RESISTANCE-TIME  RECORD  OF  YTTERBIUM  IN 
NOVACULITE,  RELEASE  STRESS  CALIBRATION 


c 


TIME 

e)  Baseline 

b)  Resistance  Prior  to  Shock 

cl  Peek  Resistence,  R  /R  =  3.75,  Stress  =  21.7  kbar 

P  o 

d>  Residual  Resistance,  R/R  »  1.13,  Stress  =  0 
o 

el  Peek  Resistance,  Second  Impact 

f)  Residual  Resistance,  R/R  *  1.0,  Stress  *  0 

o 

GP-751 1-17 

FIGURE  5.4  RESISTANCE-TIME  RECORD,  DOUBLE  IMPACT 
EXPERIMENT  ILLUSTRATING  ESSENTIALLY 
ZERO  HYSTERESIS  AFTER  STRESS  CYCLING 
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One  shook  experiment  was  conducted  on  ytterbium  film  in  the  range 
of  the  transition  from  semiconductor  to  metallic  structure  which  was 
designed  to  bracket  the  transition.  A  double-shock  system  was  used  in 
which  the  first  wave  raised  the  stress  to  approximately  33  kbar  and  the 
second  to  approximately  AA  kbar.  The  resulting  stress-time  profile 
showed  that  the  resistance  did  decrease,  as  in  static  work,  as  the 
second  wave  traversed  the  ytterbium.  However,  the  exaxt  transition  stress 
could  not  he  determined.  It  can  be  concluded  that  ytterbium  is  satis¬ 
factory  as  a  high-sensitivity  piezoresisti ve  element  for  use  in  shock 
studies  below  approximately  39  kbar.  Although  it  was  difficult  to 
interpret  the  resistance-time  curve  of  this  one  shot  after  the  transition 
(because  of  the  unknown  temperature),  it  is  known  that  the  resistance 
did  not  drop  immediately  to  that  of  a  metallic  conductor  as  in  static 
work,  but  rather  showed  a  gradual  decrease  in  resistance  during  the 
time  interval  in  which  the  stress  remained  constant.  It  is  believed  that 
this  is  the  first  evidence  in  shock  studies  (other  than  recovery  experi¬ 
ments)  of  time-dependent  or  sluggish  transitions.  If  accurate  means  can 
be  devised  to  establish  shock  temperature,  the  monitoring  of  resistance 
as  a  function  of  time  and  comparison  with  static  data  may  provide  a 
more  complete  definition  of  phase  transitions. 

From  our  total  data  compiled  to  date  one  can  represent  the  change 
in  resistance  R  /Rq  of  ytterbium  as  a  function  of  peak  compressive 
stress  a  by 


R  /R  =  1.009  -  6.115  x  10~3a  +  1.157  x  10_2a2 

P  o 

-  3.030  x  10-4a3  +  2.011  x  10-6ar4  (5.1) 

0  <  a  <  39  kbar 

with  a  standard  error  of  ±  0.105. 

5.1.2  Bismuth 

Bismuth,  like  ytterbium,  was  readily  deposited  on  gloss  substrates. 
However,  gold  tabs  were  required  to  bridge  the  bismuth  to  the  deposited 
aluminum  leads.  Bismuth  on  aluminum  resulted  in  sufficiently  high 
dilfusion  that  lead  resistance  increased  rapidly  after  deposition. 
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X-ray  diffraction  analysis  showed  the  structure  of  the  deposited 
film  to  be  rhombohedral,  which  is  the  crystal  structure  of  bismuth  I. 

The  resistance  of  bismuth  was  measured  at  two  stresses,  10.6  and 
20.4  kbar.  A  two-step  rise  to  the  resistance  was  observed  at  both  stress 
levels.  A  record  of  resistance  versus  stress  obtained  at  20.4  kbar  is 
shown  in  Figure  5.5.  The  projectile  configuration  was  the  same  as  that 
used  for  the  ytterbium  hysteresis  measurements,  i.e.,  a  Lucalox  head 
3.48  mm  thick  mounted  on  an  aluminum  projectile  as  shown  in  Figure  4.9. 
The  second  step  corresponds  to  the  time  of  arrival  of  the  release  wave 
from  the  rear  surface  of  the  Lucalox. 


In  the  lower  pressure  experiment,  10.6  kbar,  a  similar  step  was 

seen  at  a  time  which  agrees  to  within  less  than  1%  of  that  in  the  20.4- 

kbar  experiment.  Since  the  shock  velocity  in  Lucalox  is  independent  of 

stress  in  this  region, the  observed  increase  in  resistance  is  not  thought 

to  be  related  to  an  increase  in  stress  but  rather  is  associated  with  the 

arrival  of  the  relief  wave  at  the  leads  and  a  corresponding  change  in 

resistance  in  the  voltage  leads.  The  experiments  have  been  analyzed 

on  the  basis  of  the  first  increase  in  resistance.  A  correction  to  the 

raw  data  was  required  because  of  the  high  lead  resistance.  Values 

obtained  are  given  in  Table  5.2  and  shown  graphically  in  Figure  5.2.  A 

smooth  curve  has  been  drawn  through  the  data  points  and  extrapolated  to 

the  origin  to  give  an  indication  of  the  response  compared  to  the  other 

piezoresistive  materials  (also  shown  in  the  figure).  The  shock  response 

outside  of  the  two  stress  ranges  shown  is  not  known.  However,  static 
16 

pressure  data  indicate  no  anomolous  effects  below  the  transition 
stress  of  ~  26  kbar. 


Table  5.2 

BISMUTH  LOADING  PIEZORESISTANCE  DATA 


Lucalox  Velocity 
(mm/  fJsec) 

Configuration 

Glass 

Stress 

(kbar) 

R  /R  , 
p  o' 

Obs. 

R  /R 

P  ° 

Corr . 

0.096 

2* 

10.6 

1.309 

1.35 

0.186 

2* 

20.4 

1.562 

1.92 

One  gage . 
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5.1.3  Strontium 


Strontium  was  vapor  deposited  on  a  glass  substrate  in  the  Ultok 
cryogenic  vacuum  system.  A  molybdenum  boat  source  was  used.  However 
an  adequate  means  of  passivating  the  thin  films  of  strontium  was  not 
found.  Magnesium  fluoride,  lithium  fluoride,  and  vapor-deposited 
paraffin  wax  were  tried.  The  most  successful  overlay  was  magnesium 
fluoride  coated  with  paraffin  wax.  The  lifetime  of  this  configuration 
at  atmospheric  conditions  was  a  few  hours.  The  deterioration  of  the 
strontium  films  was  manifested  as  a  change  in  surface  color  of  the  film 
with  a  corresponding  resistance  change.  After  a  few  hours  exposure,  the 
film  resistance  and/or  the  lead  resistance  increased  greatly.  Various 
metals  which  were  not  expected  to  alloy  readily  with  strontium  were 
tried  as  deposited  leads,  notably  copper  and  gold.  However  lead  and/or 
film  deterioration  was  observed  with  all  materials  tried.  In  view  of 
the  early  successful  results  on  ytterbium  no  further  strontium  work  was 
performed . 

5.2  Long-Duration  Recording 

One  limitation  of  a  pie-»oresistive  metal-in-epoxy  transducer  is 
the  sensitivity  of  the  resistance  to  elongation  resulting  from  nonplane 
loading  and  unloading  waves,  i.e.,  through  three-dimensional  mass  flow 
in  the  epoxy.  The  sensitivity  appears  to  be  a  result  of  the  physical 
elongation  of  a  resistive  element  as  it  tends  to  flow  in  the  epoxy.  In 
the  case  of  an  unloading  wave  originating  at  the  circumference  of  a 
circular  cross-section  gage,  sensitivity  is  manifested  as  ai.  increase  in 
resistance  unrelated  to  stress. 

In  contrast  to  the  behavior  of  manganin  in  C-7  epoxy,  manganin  in 
a  more  incompressible  material,  Lucalox,  has  shown  a  remarkable  insensi¬ 
tivity  to  the  effects  of  three-dimensional  flow.  The  reason  for  this 
behavior  is  postulated  as  being  related  to  displacement.  Since  the 
particle  velocity  at  equal  stress  is  considerably  lower  in  Lucalox  than  in 
C-7  and  the  modulus  much  higher,  the  elongation  of  the  manganin  imbedded 
within  should  be  considerably  less  for  a  given  time  interval. 
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Expcr  imonts  with  manganin  and  Luc  a  1  ox  have  shown  no  elongation 
effects  even  at  stresses  as  high  as  120  kbar.  A  record  illustrating  this 
behavior  is  shown  in  Figure  5.6.  The  aluminum  projectile  velocity  was 
0.58  mm  fjsicc  ami  the  peak  stress  ~  45  kbar.  The  experimental  gage 
configuration  was  that  of  Figure  4.5,  and  consists  primarily  of  a 
manganin  wire  or  foil  bonded  between  Luc a 1 ox  discs.  Electrical  contact 
between  the  manganin  and  external  copper  posts  is  achieved  via  a  silver- 
mercury  amalgam  filler.  The  filler  is  required  because  voids  in  the 
region  of  transition  from  the  wire  in  the  shock  plane  to  electrical  leads 
normal  to  the  plane  result  in  rapid  shearing  of  the  wire  and  therefore 
early  gage  failure  during  shock  loading. 

Attempts  to  achieve  long-duration  recording  in  C-7  epoxy  by  using 
manganin  between  thin  wafers  of  Lucalox  and  the  Lucalox  imbedded  in  the 
epoxy  were  unsuccessful.  Wire  elongation  occurred  at  a  time  equivalent 
to  a  typical  manganin  and  C-7  epoxy  system  of  comparable  dimensions.  Two 
tests  were  completed;  in  the  first,  copper  foil  electrical  leads  were 
used  and  in  the  second,  magnesium  rods.  It  was  though  that  the  foils 

t 

sheared  upon  lateral  unloading,  however,  equal  recording  durations  with 
each  configuration  indicate  that  lead  shearing  is  probably  not  the  mode 
of  failure.  The  difference  in  behavior  of  thick  wafers  of  Lucalox  in  air, 
which  successfully  rceord  for  long  times,  and  thin  wafers  in  C-7  epoxy, 
which  do  not,  is  not  understood. 

In  projected  actual  use  of  these  transducers,  the  nonplanar  flow 
due  to  lateral  unloading  will  not  be  this  severe  since  the  shock  properties 
of  the  gage  insulator  and  surrounding  grouting  material  are  matched  as 
closely  as  possible  to  the  medium  in  which  a  measurement  is  desired 
(rocks  or  soils)  and  the  dimensions  of  the  medium  are  effectively  infinite. 
The  perturbations  in  the  plane  flow  will  be  much  less  than  in  the  epoxy¬ 
air  experiments. 

Test  configurations  were  modified  to  that  shown  in  Figure  5.7  to 

more  closely  simulate  conditions  encountered  in  field  use  of  these 

pie/.orcsistancet  transducers.  A  grout  was  chosen*  that  would  closely 

+  Midi  Mist  Gr/mt;  Hugoniot  data  and  composition  obtained  from  R.  Bass, 

Sand i a  Corporation,  Albuquerque,  New  Mexico,  private  communication,  1969. 


44 


VOLTAGE 


FIGURE  5.6  RESISTANCE-TIME  RECORD,  MANGANIN  FOIL  IN  LUCALOX  IMPACTED  BY 
ALUMINUM  FLYER 
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FIGURE  5.7  PROJECTILE  AND  TRANSDUCER  SYSTEM  FOR  TESTING  LONG-RECORDING-DURATION 
YTTERBIUM-LUCALOX-EPOXY  TRANSDUCER 


match  the  shock  impedance  of  the  transducer  insulator,  07  epoxy,  but 
not  match  the  shock  velocity.  With  the  configuration  shown,  the  mis¬ 
matched  shock  velocity  allows  the  shock  to  lag  in  the  grout  that  surrounds 
the  test  gage.  A  brief  lateral  unloading  of  the  test  gage  occurs  which 
perturbs  the  plane  flow  in  the  gage  as  might  be  encountered  in  an  actual 
field  Installation.  The  test  gage  is  similar  to  those  reported  above 
and  consists  of  a  3-C  ytterbium  foil  bonded  between  Lucalox  wafers  with 
07  epoxy.  The  Lucalox  is  quite  incompressible  and  its  particle  velocity 
is  approximately  one-tenth  that  of  the  grout  or  07  epoxy  at  a  given 
stress  (in  the  range  of  0  to  10  kbar).  The  entire  grout-gage  system  is 
encased  in  a  steel  cylinder  to  delay  lateral  expansion,  i.e.,  to  simulate 
a  semi-infinite  medium.  One  experiment  was  performed  at  a  gage  stress  of 
3.6  kbar.  A  grout-faced  projectile  was  used  as  shown  in  Figure  5.7.  The 
stress  was  established  from  the  known  Hugoniot  of  the  grout  and  a  measure 
of  the  projectile  velocity. 

The  results  of  the  one  experiment  are  shown  in  the  record  of  Figure 
5.8.  A  precursor  wave  of  0.4  kbar  can  be  seen,  followed  by  a  rise  to 
peak  stress,  3.6  kbar,  and  the  arrival  of  a  lateral  unloading  wave  after 
approximately  10  /Ltsec.  A  C-7  gage  without  the  Lucalox  normally  does  not 
indicate  a  decrease  in  resistance  when  unloaded  laterally  but  rather  an 
increase  due  to  elongation  of  the  sensor.  Gage  failure  is  seen  in 
Figure  5.8  to  occur  at  ~  30  fjsec.  The  long  duration  is  attributed  to 
the  retardation  of  lateral  flow  by  the  steel  cylinder. 

5.3  Piezoresistance  Response  of  Manganin 

An  interesting  aspect  of  the  current  work  with  Lucalox  and  manganin 
is  a  possible  explanation  for  a  manganin  piezoresistive  phenomenon  noted 
in  earlier  work:  the  apparent  sensitivity  of  the  manganin  piezoresistive 
coefficient  to  the  amount  of  deformation  the  manganin  undergoes.  It  has 
been  observed  that  manganin  wire  exhibits  a  coefficient  in  Lucalox  which 
is  larger  than  the  0.29  ±0.01  x  10"s  ft /ft kbar  value  quoted  for  manganin 
in  C-7  epoxy.  The  larger  coefficient  was  noted  in  the  present  work  for 
wire  geometries.  On  further  examination  of  past  wire  Lucalox  data,  it 
was  found  that  the  larger  values  occurred  only  below  the  Hugoniot  elastic 
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ODD  □ 


TIME 

■I  Viewing  Current  Turn-On 
bl  Precursor  Arrival,  Stress  *  0.4  kbar 

c)  Shock  Arrival,  Stress  ■  3.6  kbar 

d)  Unloading  Wave  From  E proxy -Grout  Boundary 

e)  Transducer  Failure 

GP-7511-8A 


FIGURE  5.8  RESISTANCE-TIME  RECORD  OF  YTTERBIUM- 
LUCALOX-EPOXY  TRANSDUCER 


limit  of  the  Lucalox.  The  value  in  C-7  was  again  observed  above  this 

limit.  Below  the  HEL  of  Lucalox,  the  Lucalox  can  apparently  support 

the  shear  stress  encountered  in  compressing  the  wire  and  hence  there  is 

large  deformation  in  the  wire  with  accompanying  large  defect  production. 

This  would  result  in  an  increase  in  resistivity.  Calculations  of 

resistivity  as  a  function  of  stress  have  yielded  values  on  the  order  of 

5%  larger  than  those  obtained  with  mauganin  in  C-7.  The  magnitude  of 

this  increase  is  on  the  order  of  that  observed  in  deformationnl  tests 

26 

on  cold-worked  metals.  Confirmation  of  the  cause  of  the  larger 
observed  resistance  change  of  wire  gages  in  Lucalox  has  been  qualitatively 
obtained  by  substituting  manganin  foils  (~  0.0002  in.  thick)  for  the 
wire  between  Lucalox  wafers.  The  high-aspect  ratio  of  the  foils,  typi¬ 
cally  80  to  1,  assures  that  the  stress  equilibrium  process  in  the  foil 
occurs  through  a  series  of  one -dimensional  wave  reflections;  i.e.,  the 
strain  in  the  foil  is  substantially  uniaxial.  The  foil  results  yielded 
a  coefficient  in  agreement  with  that  obtained  with  the  wire  in  C-7  epoxy 
and  was  considerably  less  than  the  wire  in  Lucalox.  Calculated  resistiv¬ 
ities  as  a  function  of  measured  stress  obtained  from  these  tests  and 
prior  work  with  manganin  in  Hi-D  glass,  soda-lime  glass,  Lucalox,  and 
C-7  epoxy  are  shown  in  Figure  5.9.  The  variation  in  resistivity  below 
approximately  100  kbar  for  the  wire  geometry  is  readily  apparent.  The 
corresponding  values  are  shown  in  tabular  form  in  Table  5.3.  Hugoniot 
data  from  which  calculations  of  stress  resistance  and  resistivity  change 
were  made  are  shown  in  Table  5.4  with  the  source  of  the  data  indicated. 

The  resistivity  was  calculated  from: 

R  A 

°o  =  -J-2  (5.2) 

o 

where  p  ,  R  ,  A  ,  and  1  are  the  initial  resistivity,  resistance,  cross 
o  o  o’  o  ’ 

sectional  area,  and  length  of  the  manganin.  For  both  the  wire  and  foil 
geometries,  the  length  remains  constant  under  shock  loading  so  that  the 
total  value  change  occurs  in  cross-sectional  areas.  Thus 


(5.3) 
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RELATIVE  RESISTIVITY  OF  MANGANIN  ^ 
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GA-7511-3B 


FIGURE  59  RELATIVE  RESISTIVITY  OF  MANGANIN  FOIL  AND 
WIRE  VERSUS  INSULATOR  STRESS 


HUGONIOT  DATA  FOR  INSULATORS  AND  MANGANIN 


c 

0) 

E 

0) 

u 

3 

W 

« 

01 

s 


0) 

3 

C 

■H 

e 

£ 

y 

y 

H 


•o 

y 

£ 


V 

•O  tfi 
y  y 


y 
y 

« 

■H  /-.I 

!h  >.  y 

3 
W 


sh  y  s 
fe  >  w 


•rt 

to 

o 

to 

o 

tp 

X 

X 

o 

O 

■i 

to 

0) 

o 

eg 

n 

*P 

to 

h* 

O) 

0 

V 

1  1  1  1  1  1  1  1 

• 

• 

• 

• 

• 

• 

• 

• 

• 

r-H 

£ 

pH 

eg 

eg 

eg 

eg 

eg 

eg 

<D 

rH 

>> 

p 

8 

m 

to 

to 

rH 

to 

o 

o 

in 

y 

•H 

M 

tp 

rp 

eg 

X 

eg 

o 

m 

Tp 

eg 

•H 

P 

8 

rH 

• 

CO 

• 

eg 

eg 

in 

to 

•  1  1  1  1  1 

rH 

1  1  1  1  1 

P 

a 

cu 

rH 

y 

> 

w 

o 

o 

o" 

o' 

o" 

o' 

o' 

o 

pH 

>.  y 
4->  y 
■h  tn 

to 

<D  in 

tp 

eg 

rH 

o 

o 

X 

o 

X 

y  i 

X 

O  rH 

N 

co 

•p 

in 

X 

X 

n 

h- 

y 

o  \ 

1  1  1  1  1  1  1  1 

• 

•  • 

• 

• 

• 

• 

• 

• 

• 

• 

5 

rH  B 

n 

M 

TT  rr 

TP 

tp 

tp 

tp 

TP 

-* 

TP 

£ 

t/J 

y  e 
> 

£ 

8 

W 

a> 

p 

<« 

rD 

t.5 

• 

co 

rH 

• 

00 

8.2 

9.4 

m 

m 

CO 

X 

X 

rH 

tO 

rH 

X 

o 

in 

o 

in 

rH  r>» 

TP 

£ 

X 

p 

cn 

S-o 

rH 

rH 

eg 

05 

CO 

Tp 

Tp 

m 

X 

X 

to 

oo  in 

rH 

>>  o 

P  O 

•H 

•H  U 

P 

■rt 

c 

y  be 

M 

Q  '-M 

« 


>> 

X 

0 

a 

w 


I 

U 


51 


* 


2.66 


Initial  Shock  Shock  Particle  Free  Surface  .V'ea^ureir.en t 


V 

a 

J* 


71  .C 

o  u 

‘J 

w 

b£ 

1* 

bfi 

0  V 

•K 

* 

p. 

■K 

‘J 

J 

J 

1> 

u 

0) 

b£ 

TD 

U 


b L 


*n 

u 

xT 


>.  CJ 


•Pt 

75 

X 

X 

a 

X 

X 

CD 

‘J 

1 

a> 

pH 

o' 

0 

lit  .  i 

i 

i 

• 

• 

•  1 

1 

T 

6 

o* 

o 

lO 

<0 

CD 

X 

r* 

CM 

o 

CM 

lO 

CO 

r>» 

pH 

pH 

pH 

pH 

o 

o 

o 

o 

*-> 

j 

w 

o* 

O' 

o 

•H 

71 

co 

H 

H 

X 

x 

O' 

X 

0) 

J 

1 

co 

pH 

CO 

CO 

X 

o> 

pH 

pH 

CM 

J 

v 

• 

• 

• 

1 

1  *  1  1 

11*1 

• 

• 

• 

a» 

u 

ti 

•w 

CM 

M 

CM 

CM 

CO 

! 

o 

o 

o 

o 

O 

o 

O 

PH 

PH 

01 

01 

(0 

ai  to 

X 

X 

X 

CO 

O' 

X 

o 

CM 

CM 

CM 

CO 

CO 

t* 

O' 

PH  5 

X 

X 

X 

X 

01 

CM 

CO 

CO 

CO 

p 

1.0 

CO 

co 

ID 

!D 

(0 

o 

10 

r~  x 

tH 

d 

in 

in 

m 

n 

CO 

cn 

d 

75  /-sj 
71  *p« 


J 

.0 

- 

i.O 

o 

o 

LO 

o 

iO 

r» 

01 

in 

u 

J2 

Is* 

O' 

r* 

0) 

CM 

n 

m 

[H 

pj 

pH 

pH 

PH 

pH 

pH 

CM 

CM 

CM 

CM 

CM 

CM 

n 

■c* 

X 

PH 

X 

n 

X 

o 

pH 

1^ 

d 

m 

X 

01 

X 

CM 

CM 

p 

pH 

pH 

pH 

pH 

CM 

cn 

cn 

I 


>>  /-y 
-»  J 


*'H  V 


a»  ^ 

a 


<M 

10 

CM 


O 

CM 

• 


o 


o 

h 

w 

('• 

I 

u 


01 

s 

•H 

J 

I  75 
Cfl  75 

•g  2 

CO  O 


75 

75 

rt 

pH 

o 

Q 

I 

•H 

£ 


52 


x 


Initial  Shock  Shock  Particle  Free  Surface 

Density  Stress  Velocity  Velocity  Velocity 

Material  (gm/cc)  (kbar)  (mm/4,  sec)  (mm/4  sec)  (mm/4  sec) 
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Table  5.3  (Continued) 
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6.  CONCLUSIONS 


6, 1  Piezoresistance  Materials 

It  is  interesting  to  compare  the  piezoresistonce  response  of  shock- 
loaded  ytterbium  and  bismuth  with  previous,  similar  work  on  lithium 
calcium  and  manganln  and  also  to  compare  results  with  static  pressure 
data . 

In  comparison  with  shock  work  on  lithium11  and  calcium10  (shown  in 
Figure  5.2  and  Table  6.1)  ytterbium  shows  a  nonlinear  response.  In  the 
very  low  stress  region,  below  1  kbar,  lithium  and  ytterbium  show  roughly 
the  same  sensitivity,  if  we  can  extend  our  measured  response  of  ytterbium 
at  the  4-kbar  region  to  the  subkilobar  region  by  means  of  a  least* squares 
fit  to  the  data.  Additional  data  are  needed  in  the  subkilobar  region  to 
establish  the  very  low-pressure  response.  Bismuth,  lithium,  calcium, 
and  ytterbium  in  descending  order  of  sensitivity  are  all  approximately 
1  order  of  magnitude  more  sensitive  than  manganin  (0.29  x  10"2  0/ft  kbar) 
in  the  subkilobar  range. 

At  5  and  10  kbar,  ytterbium  is  the  most  sensitive  of  these  materials, 
being  approximately  14  and  27  times,  respectively,  as  sensitive  as  manganin 
and  1.2  to  2.0  times  as  sensitive  as  bismuth. 

In  comparison  with  static  piezoresistance  data,  ytterbium  and  bismuth 
show  qualitatively  similar  response  to  that  expected  and  as  outlined  in 
Section  3.1  above;  i.e.,  the  effect  of  a  higher  compressibility  is  to 
increase  the  pressure-resistance  coefficient.  Ytterbium  is  considerably 
more  compressible  than  bismuth  and  shows  a  correspondingly  greater  in¬ 
crease  in  coefficient  over  static  data.  The  effect  of  temperature  on  the 
coefficient  also  agrees  qualitatively  with  that  found  for  lithium.11  If 
an  adjustment  is  made  to  the  static  data  (for  compressive  volume  change, 
see  Section  3)  a  response  curve  slightly  displaced  to  the  right  would 
be  obtained  at  all  stress  levels  (Figure  6.1).  However,  Hall14  has 

reported  that  at  pressures  above  approximately  10  kbar,  (SXnR/&T)  is 

P 

negative,  the  magnitude  increasing  with  pressure.  The  negative  temperature 
coefficient  is  characteristic  of  a  semiconductor,  which  ytterbium  is 
postulated  to  be  at  the  higher  stresses.  The  net  effect  of  the  negative 
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COMPARISON  OF  STATIC  AND  DYNAMIC  PIEZORESISTANCE  DATA 
FOR  LITHIUM.  CALCIUM.  YTTERBIUM.  AND  BISMUTH 


Static 


Material 

Pressuro 
(kba  r) 

R  /R 

P  o 

Li 

10a 

1.073 

20 

1.152 

20 

1.239 

40 

1.305 

50 

1.366 

60 

1.428 

C’a 

10tt 

1.107 

20 

1.258 

Yb 

5f 

1.2* 

10 

1.5 

20 

3.0 

30 

5.9 

35 

7.0 

39.5 

7.5 

Bi 

10° 

1.210 

20 

1.474 

Dynamic 


V  /V 

P  O 

Stross 

(kbar) 

R  /R 

P  o 

0.926 

1.0b 

1.024 

0.875 

o 

■•3 

o 

H 

1.235 

0.836 

12.5 

1 . 295 

0.799 

17  ft 

1.440 

0.763 

23.0 

1 . 550 

0.728 

23.5 

1.535 

29.5 

1.740 

34.6 

1 . 8'!4 

54.5 

2.290 

0.942 

1.0d 

1.023 

0.878 

18° 

1 .42 

0.978 

1.0h 

1.018 

0.94 

4.01 

1.22 

0.89 

4.2 

1.22 

5.0 

1.21 

1.22 

0.86 

9.6 

1.65 

1.66 

10.8 

1.90 

0.84 

11.2 

1.83 

0.83 

1.82 

11.2 

2.02 

11.6 

1.98 

19.7 

3.35 

3.01 

20.8 

3.65 

21.7 

3.76 

21.7 

3.75 

32.2 

4.90 

39.5 

5.05 

0.972 

l.oJ 

1.033 

0.948 

10.6 

1.35 

20.4 

1.92 

a.  P.  W.  Bridgman,  Proc.  Am.  Acad.  Arts  Sci.  81,  167-251  (1952). 

b.  Calculated  from  average  coefficient  0.024  TT/flkbar. 

c.  Reference  11. 

d.  Calculated  from  18-kbar  data. 

e.  Reference  10, 

f.  Reference  14. 

g.  Read  from  graphs  of  Reference  14. 

h.  Calculation  from  least-squares  fit. 

i.  Present  work. 

j.  Calculated  from  10.6-kbar  data. 
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temperature  coefficient  in  shock  loading  would  be  to  decrease  the 
expected  magnitude  of  the  change  in  resistance  because  of  shock  heating. 
Although  shock  temperature  calculations  cannot  be  made  at  this  time 
because  of  insufficient  data,  rough  ostimotes  of  temperature,  combined 
with  Hall's  static  temperature  coefficient  results,  indicate  that 
dynamic  Np/NQ  values  would  bo  loss  than  static  at  higher  stresses.  This 
offoct  is  indeed  observed  11s  indicated  by  the  "calculated"  value  shown 
in  Figure  6.1  at  33.5  kbar  Our  shock  results  agree  qualitatively  with 
the  results  expected  from  statically  observed  behavior  of  ytterbium,  i.e 
the  coefficient  is  larger  at  the  lower  stresses  whore  the  shock  tempera¬ 
ture  is  low  and  whore  the  temperature  coefficient  is  positive.  At  the 
higher  stresses,  the  coefficient  is  less  than  the  static  value. 

Quantitatively,  the  results  do  not  correlate  very  well  with  Hall's 
data.  If  one  assigns  the  total  difference  between  adjusted  static  data 
and  observed  dynamic  data  to  temperature,  the  results  are  not  consistent 
i.e.,  larger  temperatures  are  obtained  at  10  kbar  than  at  20  kbar.  The 
quantitative  discrepancy  may  bo  due  to  a  difference  in  sample  purity 
which  has  been  shown  in  static  work14  to  have  a  substantial  effect  on 
the  observed  coefficient. 

The  repeatability  of  R^/R^  at  a  given  stress  is  somewhat 
paradoxical.  At  two  stresses,  10.8  and  21.7  foil  and  film  data  were 
identical  within  the  limits  of  measurement.  However,  repeated  measure¬ 
ments  at  11  kbar  on  films  gave  a  rather  large  scatter  in  the  data.  This 
might  be  attributed  to  the  rather  large  correction  for  lead  resistance 
required  in  these  data.  Additional,  more  controlled  experiments  are 
required,  possibly  with  a  50-(<  grid  configuration,  in  which  lead 
resistance  does  not  enter  into  the  measurement. 

The  dynamic  coefficient  of  bismuth  is  larger  than  the  static  co¬ 
efficient  by  a  factor  of  approximately  1.66  at  10  kbar  and  1.94  at 
20  kbar. '  The  increases  ore  also  much  too  large  to  be  attributed  to 
volumetric  and  temperature  effects. 

The  shock  piezoresistance  measurements  on  ytterbium  con  be 
summarized  as  follows: 
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FIGURE  6.1  COMPARISON  OF  STATIC  AND  DYNAMIC  PIEZORESISTANCE  RESPONSE 
OF  YTTERBIUM 
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(1)  Tho  ponk-shock  stross  resistance  rosponse  of  a  vapor  deposited 
film  is  equivalent  to  that  of  a  cold  workod  foil.  Tho  rosponso 
is  nonlinear,  monotonies lly  increasing  reaching  a  maximum  at 

~  39  kbar  as  does  tho  static  response.  Data  arc  roquired  bolow 
4  kbar  to  define  the  subk.l  lobar  response.  Additional  data  aro 
also  required  to  establish  repeatability. 

(2)  Tho  vapor-dopositod  film  does  not  show  a  tomporaturo  dopondcnco 
of  tho  coefficient  ut  10  kbur  and  100  C,  wheroas  the  static 
coefficient  shows  a  tomporaturo  dcpcndoncc  which  is  slightly 
nogativo  in  this  stross  range. 

(3)  Tho  unloading  response  of  foil  shows  an  effectively  constant 
offset  (+  ll/o  and  +  13%)  when  unloaded  from  11  and  21  kbar. 

Tho  unloading  response  from  11  kbar  can  be  represented  by  a 
linear  relationship;  that  from  21  kbar  is  nonlinear.  Both 
curvos  are  displaced  from  the  loading  curve.  Within  tho 
accuracy  of  moasuromont,  both  curvos  aro  monotonically  varying 
functions.  In  ono  experiment  a  socond  shock  showed  no  hysteresis 
on  unloading. 

(4)  Qualitatively  the  loading  rosponso  agrees  with  static  data. 
Quantitatively,  the  temperaturo  effects  are  too  large.  Tem¬ 
perature  effects  also  appoar  to  be  in  conflict  with  (2)  above. 

(5)  Both  foils  and  films  appear  to  bo  suitable  sensitive  piezo- 
resistive  sensors  for  uso  in  shock  wave  transducers,  although 
the  subki lobar  response,  as  yet  unmeasured,  appears  to  be  about 
the  same  as  that  of  lithium,  calcium,  and  bismuth. 

(6)  A  shock-loading/unloading  system  has  been  achieved  which  dofincs 
the  stress  states  and  hence  tho  stress-resistance  hysteresis 
more  accurately  than  previous  systems. 

The  mechanical  work  with  ytterbium  has  shown  that  both  foils  and 
films  can  be  readily  made,  the  latter  by  simple  vapor  deposition,  and 
both  aro  chemically  stable. 

Piezoresistance  measurements  on  bismuth  indicate  that  the  dynamic 
coefficient  is  considerably  less  than  ytterbium  in  the  5-kbar  and  up 
range  and  roughly  equivalent  below  5  kbar.  Data  aro  needed  in  the  sub- 
kilobar  range  to  define  the  low  stress  response. 

6.2  Long  Recording  Systems 

The  concept  of  decreasing  tho  sensitivity  to  lateral  flow  of  a 
piczorcsistive  stross  transducer  by  encapsulating  it  in  a  high-modulus, 
relatively  incompressible  insulator  and  by  increasing  the  piezorcsistive 
coefficient  appears  to  yield  long-time  recording  of  the  stress  in  and 
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around  the  transducer  in  a  semi-infinite  environment.  Tests  under 
severoly  divergent  flow,  that  is,  unloading  to  zero  lateral  stress  from 
the  transducer  periphery,  showed  that  the  one  insulator  used,  Luca 1 ox, 
decreased  the  elongation  effect  in  a  large  block  of  Lucalox  but  did  not 
decrease  it  when  used  as  a  thin  wafer.  In  field  test  applications,  this 
type  of  lateral  distrubnnee  is  not  expected.  Tests  wore  not  performed  on 
spherically  divergent  flow. 

t> .  3  Manganln  Response 

One  important  conclusion  that  can  be  drawn  from  the  present  investi¬ 
gation  is  that  if  manganin  is  to  be  employed  as  a  quantitative  dynamic 
stress  sensor  in  a  variety  of  materials,  the  mode  of  compression  of 
manganin  must  be  considered  carefully.  It  appears  from  the  present 
results  that  the  most  promising  configuration  for  obtaining  dynamic, 
principal  stress  measurements  independent  of  the  stress  distribution  in 
the  surrounding  insulators  is  a  thin  foil  with  a  high  aspect  ratio 
(c.g.,  100:1). 
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7.  RECOMMENDATIONS 


In  view  of  its  shock  piezoresistance  behavior  and  mechanical 
properties,  ytterbium  appears  to  be  the  most  promising  sensor  of  the 
materials  tested  for  the  low  kilobar  range.  Further  work  on  this  material 
in  the  low  and  subkilobar  stress  region  is  required  before  its  shock 
response  during  loading  and  unloading  can  be  stated  with  sufficient 
accuracy  and  repeatability  to  be  used  as  a  "standard''  piezoresistance 
material.  Bismuth,  although  slightly  more  difficult  to  use  in  film 
form,  may  be  as  adequate  as  ytterbium  in  the  subkilobar  region.  Specific 
areas  of  future  work  should  include: 

(1)  Measurements  should  be  made  of  the  compression  piezoresistance 
coefficients  of  both  bismuth  and  ytterbium  from  a  few  kilobars 
to  the  subkilobar  region. 

(2)  Additional  measurements  should  be  taken  of  the  unloading 
response  of  ytterbium  over  a  range  of  stresses.  Similar 
measurements  should  be  made  on  bismuth. 

(3)  Repeatability  of  resistance-stress  response  should  be  examined 
more  closely.  Specifically,  constituent  impurities  of  deposited 
films  should  be  determined  more  accurately  than  in  the  present 
work  and  possible  correlations  with  repeatability  of  the  co¬ 
efficient  examined. 

(4)  With  respect  to  long-duration  recording  of  systems  embedded  in 
soils  and  rocks,  it  is  recommended  that  a  few  field  tests  be 
performed  with  the  present  configuration  of  ytterbium-Lucalox 
in  epoxy.  Specifically,  small-diameter  ("-2-inch)  gages  can 
be  placed  in  alluvium  or  tuff  (reasonable  impedance  matches  to 
C-7  epoxy)  and  the  response  measured  in  the  low-kilobar,  few- 
hund red-microsecond  environments.  Laboratory  experiments 
should  be  continued,  however,  since  it  is  felt  that  the  mech¬ 
anics  of  the  use  of  high-modulus,  high- impedance  insulators  is 
not  sufficiently  understood  to  be  optimized. 
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Appendix  A 

ESTIMATE  OF  RESISTANCE  CHANGE 
DUE  TO  WIRE  STRETCHING  IN  SPHERICALLY  DIVERGENT  FLOW 

Consider  a  wire  of  cross-sectional  area  A  of  dimensions  small 
compared  to  the  length  l.  Let  the  wire  subtend  an  angle  0  and  be 
a  distance  r  from  the  center  of  a  spherically  divergent  source  where 
r  »  H.  The  rate  of  change  of  resistance  for  plastic  elongation  of 
the  wire,  assuming  constant  resistivity  and  volume,  i.e.,  at  a  constant 
stress  (j,  can  be  found  as  a  function  of  particle  velocity,  radius,  and 
time  from: 


R  = 

l 

P  A 

(A .  1 ) 

dR  = 

P 

A2  dA> 

(A-2) 

and 

dA  = 

-  A  ^ 

i 

(A. 3) 

since  the 

area  decreases 

as  the  length  increases.  Therefore 

dR  = 

2  P  “ 

(A. 4) 

and 

I  . 

R  dt 

2  d  l 
l  *  dt 

(A. 5) 

but 

dl 

-  tv 

dt 

dt  '  0 

(A. 6) 

if  the  wire  flows  with  the  surrounding  material 


and 


=  u 

dt  p 


the  radial  particle  velocity. 


Theref  ore 


1  dR 
R  dt 


2  u 
_ P 

r 


(A.  7) 


(A.  8) 


where  r  is  the  instantaneous  radius. 
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If  r  is  large,  then  r  and  u  are  effectively  constant  for  short 

1  p 

intervals  since  u  ana  —  and  the  resistance  at  time  t  is: 
p  u  r 


>  dR 
•J  R 


(A.  9) 


and 


2  u 

log  R  =  - £  t  +  C 


t  =  0,  R=R,C=  log  R  , 

o  a 


2  u 

log  R  =  - £  t  +  log  R 

*•  a 


(A. 10) 


(A. 11) 
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Appendix  B 


CALCULATION  OF  UNLOADING  STRESS  STATES 


If  both  materials  behave  elastically  in  an  asymmetrical  impact, 
then  from  conservation  of  momentum  across  the  shock  front  in  each,  the 
stress  in  each  is  readily  obtained: 


®t  =  “l  U. 


t,=|U 

1  OS 


in  the  case  of  the  target  material  and 


»t  =  k2  (V  -  V 


k  =  p  U 
2  o  s 

in  the  impacting  plate,  where  up  is  particle  velocity,  v  is  the  impacting 
velocity,  and  k  is  the  product  of  initial  density  and  shock  velocity, 
which  remains  constant.  Successive  reverberations  of  the  unloading  wave 
in  the  impacting  plate  result  in  a  series  of  common  decreasing  stress 
steps  at  the  interface  of  the  two  materials.  These  states  are  represented 


by  Cr  ,  or  ,  or  ,  a  ,  and  so  forth,  of  Fig.  Al,  and  cr  in  the  initial 
d  c  a  e  a 

impact  stress.  Corresponding  particle  velocity  states  are  u  ,  u.  ,  u  , 

a  D  c 

and  so  forth.  Values  of  free-surface  velocity  of  the  impacting  plate  are 
Vl’  V2’  V3’  ant*  80  *orth*  Since  the  stress  and  particle  velocity  across 
the  interface  are  equal  as  long  as  the  stress  remains  compressive  and  the 
flow  is  plane,  then  the  above  equations  can  be  solved  simultaneously, 
giving: 


2 

k  +  k. 


"  V 


k  +  k_ 
1  2 


r-vi- 


PARTICLE  VELOCITY  - - ► 
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FIGURE  B.1  SUCCESSIVE  STRESS-PARTICLE  VELOCITY 
STATES  OBTAINED  FROM  ASYMMETRICAL 
IMPACT  OF  TWO  ELASTIC  MATERIALS 
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Appendix  C 


CORRECTION  TO  V/V  DATA  DUE  TO  RESISTANCE  OF  VOLTAGE  LEADS 

o 

In  configuration  1  of  the  test  samples  (Figure  4.1  in  text)  the 
TT  pattern  is  roughly  symmetrical,  i.e.,  the  resistances  between  an 
extremity  and  junction  are  approximately  equal  and  all  are  a  function  of 
stress.  If  a  constant  current  supply  is  used  to  power  the  resistance 
film,  the  change  in  resistance  of  the  current  portion  of  the  ft  does 
not  affect  the  measurement  of  the  change  in  resistance.  The  change  in 
resistance  of  the  voltage  legs  will,  however,  greatly  affect  the  observed 
ratio  of  ^  V/V,  if  the  resistance  of  the  legs  is  an  appreciable  percent¬ 
age  of  the  total  resistance  in  the  voltage  circuit.  In  configuration  1, 
lead  resistances  amounted  to  as  much  as  6%  of  the  voltage  leg  resistance. 
Since  ytterbium  exhibits  changes  of  resistance  of  up  to  5  fold  on  shock 
loading,  the  6%  amounts  to  30%  at  peak  stress.  A  correction  was  made  as 
follows. 


In  the  circuit  of  Figure  C-l,  r^  is  the  total  resistance  of  the 

ytterbium  voltage  leads,  r  =  r3  =  50  fi ,  V  is  voltage  across  the 

"active"  portion  of  the  gage,  r  ,  and  E  the  measured  voltage.  The 

S 

initial  value  of  E  is 


E 

o 


and  at  pressure  P  is 


E 

P 


but 


r 


1 


P 


(C.l) 


(C.?) 


(C .  3) 
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FIGURE  C.1  GAGE  AND  SHUNT 

RESISTANCE  CIRCUIT 


.since  both  resistances  arc  ytterbium.  Therefore 


(C.4) 


(C.5) 


The  change  in  r.  also  results  in  a  change  in  the  resistance  r  due  to 
1  g 

the  shunting  effect  of  r^  +  r^  +  r^»  However  for  typical  values  of 

r  =  1  H  ,  r  ~  3  ,  and  r  =  r  =  50  ft  ,  this  effect  is  negligible. 

R  X  *  J 

Curves  of  V  /V  versus  r  /r  for  three  cases  are  shown  in  Figure 

p  o  p  o 

C-2:  (1)  a  one-to-one  correspondence  between  V  /V  and  r  /r  ,  i.e., 

p  o  p  o 

r.  =0,  r  +  r  =  00  ;  (2)  r  =  1  C  ,  r  =  1  fi  ,  r  *  r  =  50  Q  ;  and 
A  J  J  §  X  £,  %j 

(3)  r  =  1  C  ,  r  =  5  ft  ,  r  =  r  =  50  ft  .  Case  (2)  applied  to  the 

g  1  2  J 

majority  of  measurements  made  with  configuration  1. 
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FIGURE  C.2  OBSERVED  VOLTAGE  CHANGE  VERSUS 
ACTUAL  RESISTANCE  CHANGE 
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t  4,,T"4x-rhe  shack  piezoresistance  response  of  two  metals,  ytterbium  and  bismuth,  was 
investigated — ytterbium  over  a  range  from  4  to  40  kbar  and  bismuth  at  10  and  20  kbar. 
The  sensitivity  of  both  materials  at  a  few  kilobars  is  approximately  12  times  that  of 
manganin  and  both  show  nonlinear,  monotonically  varying  resistance-stress  behavior. 
Unloading  response  was  measured  at  from  10  and  20  kbar  in  ytterbium  and  found  to  be 
nonlinear  at  the  higher  range.  A  positive  residual  resistance  was  measured  which  was 
essentially  independent  of  peak  stress.  A  system  consisting  of  the  impact  of  two  elast 
materials  was  developed  for  the  measurement  of  hysteresis.  Comparison  of  static  and 
dynamic  piezoresistance  data  indicates  that  the  difference  between  the  two  is  too  large 
to  be  attributed  to  temperature  and  geometrical  considerations.  Although  it  may  be  due 
to  defect  production,  this  phenomenon  was  not  investigated  specifically.  Results  with 
manganin,  foils  and  wires,  however,  did  show  a  difference  in  certrfi'n  insulators  which  i 
attributed  to  defect  production.  Foils  approximately  0.013  mm  thick  and  films  approxi¬ 
mately  0.6  p.  thick  were  constructed  readily  from  bulk  ytterbium.  Bismuth  films  were 
constructed  from  bulk  bismuth  by  vapor  deposition.  Long-time-duration  recording  was 
achieved  by  bonding  ytterbium  foils  between  wafers  of  polycrystalline  aluminum  oxide. 

A  duration  of  ~  30  M-sec  at  a  stress  of  10  kbar  was  achieved  in  experiments  with  the  SRI 
4-inch  barrel  diameter  gas  gun.  Reduction  in  foil  elongation  and  hence  a  reduction  in 
sensitivity  to  lateral  stress  disturbances  appears  to  be  due  to  the  encapsulation  of 
the  foil  in  high-modulus,  high-shock-impedance  insulators. 
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